Cardiopulmonary exercise testing (CPET) aids in clinical assessment of patients with Fontan circulation.
Briefly, medical records of children between the ages of 6 and 18 years, who had undergone Fontan operation at a participating institution, were screened for study eligibility. A total of 546 children were enrolled; of those, 411 (75%) underwent exercise testing. Core echo labs confirmed fenestration patency; those with indeterminate fenestration status were excluded. Fenestration was present in 38, absent in 325 and indeterminate in 48.
| Resting pulmonary measurements
Following familiarization with the equipment, subjects completed inspiratory and expiratory flow volume loops. Subjects performed hyperventilation for 10 seconds to measure maximal voluntary ventilation (MVV, L/min). 11 Forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV 1 ) were also measured.
| Exercise testing
The exercise protocols employed during the study have been previously published. 11 Patients underwent maximal exercise testing using a cycle ergometer with a ramp protocol. Peak oxygen consumption (peak VO 2 ) was defined as the maximal oxygen consumption obtained during exercise. Anaerobic threshold (AT) was calculated by the V-slope method, when it could be accurately determined. Ventilatory equivalents for carbon dioxide production (VE/VCO 2 ) and oxygen consumption (VE/VO 2 ) were measured at AT and peak exercise. The oxygen pulse (O 2 pulse) at peak exercise and AT was calculated by dividing VO 2 at each time point by heart rate (HR). Work, measured in Watts, was recorded at AT and peak exercise. The respiratory exchange ratio (RER) (VCO 2 /VO 2 ) was measured continuously. 
| Data analysis
Multivariate analysis demonstrated that oxygen pulse (P 5 .04), work (P .01) and VE/VCO 2 (P 5 .02) at AT were weakly associated with fenestration status (R 2 5 0.18) and that work (P 5 .04) and heart rate (P 5 .02) at peak exercise were weakly associated with fenestration patency (R 2 5 0.2).
| DISCUS SION
Acute physiologic changes associated with Fontan fenestration closure have been previously well documented. 9 These changes include increased systemic oxygen saturation, increased Fontan (central venous) pressure and decreased cardiac index. 9 However, the long-term clinical implications of fenestration closure are less well understood. CPET provides a way to quantify the potential functional effects of persistent fenestration patency in patients with Fontan circulation.
| Cardiac response to exercise
As expected, our data demonstrate that systemic desaturation becomes more pronounced with exercise in patients with a patent Fontan fenestration, an effective right-to-left shunt. It is reasonable to deduce that increased systemic desaturation would impair oxygen delivery to active muscle tissue and result in decreased exercise capacity, quantified as peak VO 2 . The results of this study are consistent with prior studies, such as the one conducted by Meadows et al., and did not find a significant difference in peak VO 2 between the two groups. 12 In order for oxygen consumption at peak exercise to remain unchanged regardless of fenestration status, it may be hypothesized that oxygen delivery must also remain the same despite increased systemic desaturation in fenestrated patients. In order for oxygen delivery to remain stable, there must be either increased oxygen extraction at the tissue level, or increased cardiac output. Our study did not address the former, however, Loomba et al. were unable to demonstrate a significant difference in regional oxygen extraction between patients with and without patent fenestrations. 13 It is known that Fontan patients are extremely preloaddependent for augmentation of cardiac output, with much less contribution from HR and ventricular contractility. 14 The results of our univariate analysis similarly failed to show a significant difference in HR response to exercise between patients with and without fenestrations,
however, the multivariate analysis demonstrated a weak association at peak exercise. It may be hypothesized that, in patients with patent fenestrations, increased preload from right to left fenestration flow during exercise results in increased stroke volume and cardiac output, resulting in stable oxygen delivery. The results of our univariate analysis did not demonstrate a significant difference in O 2 pulse (surrogate for stroke volume) at maximal exercise between the two groups, but the multivariate analysis showed a weak association at AT.
| Respiratory response to exercise
Our data demonstrate an expected increase in physiologic dead space at peak exercise in patients with patent fenestrations. This is simply the result of an increase in arterial partial pressure of carbon dioxide (pCO 2 )
that occurs with any effective right to left shunt. 15 VE/VCO 2 is another respiratory variable that has gained recent interest and may be clinically 
| LIMITATIONS
The primary limitation of this study is the cross-sectional design. The data analyzed are cross-sectional in nature so lack the ability to evaluate variables pre-and post-fenestration closure in individual patients.
The use of a retrospective dataset also prevents our ability to verify existing information or collect missing data. Many patients, as is common among many patient populations in whom CPET is used clinically, were unable to complete maximal effort studies. This is likely secondary to the rigorous nature of the test and results in limited peak exercise data. There is a growing body of literature to suggest that analysis of CPET variables at submaximal exercise may be more clinically useful and should be explored. 
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